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Abstract. Since the first observation of the fascinating absorption property, metamaterials have 
been become a scientific spotlight. A distinctive interest has been given to metamaterial absorber 
(MA) with a broad operating band, which are more useful for future applications. In this report, 
we studied numerically and experimentally the electromagnetic properties of perfect MAs using 
ring-shaped structures at microwave frequencies. By creating a magnetic resonance, the ring 
structure confines electromagnetic energy at the first- and third-order resonances. And then, we 
leveraged the super-cell structures, which consist of different rings in one unit cell to obtain 
broadband absorption. The results showed that the absorption band of MA is broaden from 1.3 to 
2.17 GHz when the number of rings in the unit cell increases from four to nine-rings. The 
experiment results are in good agreement with the simulation ones. Finally, by applying the 
same model, we simulated the MA working at THz frequency. Especially, all GHz- and THz-
MAs are optimized by the third-order magnetic resonance, which occurs at a frequency three 
times higher than the fundamental resonance one.  
Keywords: metamaterials, broadband, perfect absorption, third-order resonance. 
Classification numbers: 2.1.2, 2.10.1. 
1. INTRODUCTION 
Over the past decade, a new class of artificial materials, the so-called metamaterials 
(MMs), have shown many unusual properties, which are not found in natural materials, such as 
materials with simultaneously negative permittivity and permeability leading to negative 
refractive index [1 - 5] and numerous fascinating applications such as the perfect lens [6], the 
invisible cloaking [7, 8], and the electromagnetically-induced transparency [9,  10]. Recently, 
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the applicability of MMs as electromagnetic-wave absorption has been attracted the interest of 
many scientists from the viewpoint of feasible MM applications using current technology. A 
near-unity absorber is a device in which all incident radiation is completely consumed at a 
specific frequency. Consequently, the transmission, the reflection and all other light propagation 
channels are unable [11 - 13]. Electromagnetic wave absorbers can be used in devices and areas 
such as: emitters [14 - 16], sensors [17], spatial light modulators [18], IR camouflage [19], 
thermophotovoltaics, and wireless communication [20]. The first perfect absorber (PA) has been 
demonstrated under the concept of MMs at GHz regime by Landy et al. [21]. By modulating the 
imaginary part of refractive index and the impedance Z (ω) of MM, a near-unity absorption peak 
can be realized at the resonant frequency. Up to date, PA has been demonstrated in every 
technologically relevant spectral ranges, from microwave [12, 13, 22], THz [17, 23], NIR [24], 
to the near optical [25]. For different applications, the MM absorbers (MAs) have been achieved 
in narrow peak [17, 21, 23, 26], multi-band peaks [13, 27], and broadband [22, 28]. The multi-
peak and broadband MAs have been observed by two configurations, arranging appropriately 
unit cells of PA peak [29, 30] and using the multi-layer model of absorption [31]. It notices that 
there are many interactions between plasmons in the configurations. Hence, it is a problem to 
combine broadband MAs with high efficiency, since the sensitive PA conditions are easy to be 
broken by these interactions. Therefore, the achievement of narrow peak, multi-peak, and 
broadband absorption which deal with different applications are still the significant issue in the 
MM researches. Other side, most recent studies show that the MM absorption mechanism is due 
to the fundamental magnetic or the electrical resonance [11-13, 27-30], where their unit-cell size 
must be much smaller than the operating wavelength. This will be difficult to manufacture 
especially when operating in the high-frequency region.  
In our paper, firstly, a high symmetric MA was designed to operate at the GHz and the THz 
range. Our results show that a PA peak was not only achieved at the fundamental magnetic 
resonance frequency but also at the third-order magnetic resonant frequency, which occurs at a 
frequency three times higher than the one. And then, we used the super cell structures, which 
consist of several rings with difference size in one-unit cell, we got the broadband MMs 
absorber. The result shows that the absorption bandwidth can be increased by changing number 
of rings in the unit cell. The experiment results are quite coincident with the simulated ones. 
Finally, based on the initial MA, a THz-MA is designed and characterized for further 
applications. 
2. SIMULATION AND EXPERIMENT 
The simulation was carried out by using a finite-integration technique package of CST  
Studio. For a single peak of absorption at the third-order asymmetric resonance frequency, the 
conventional absorber design, sandwich model: layer1–layer2–layer3, was employed to 
investigate the absorptions. The front layer that is arranged periodically by metallic rings and the 
back one that is metallic plane are separated by a dielectric layer. The conductor is copper with 
an electric conductivity of 5.96 × 10
7
 S/m. The dielectric is FR-4 with a relative dielectric 
constant of 4.3 and a loss-tangent of 0.025 (agree with the real PCB substrates) [30]. A unit cell 
of the MA was shown in Fig. 1(a). The geometrical parameters are set to be a = 18 mm, R1 = 8.2 
mm, R2 = 2 mm. The thickness of copper layer is ts = 0.036 mm. The MA was designed to work 
in the range of 12–18 GHz. The EM wave is polarized in such a way that the electric and the 
magnetic fields are parallel with the MM slab, while the wave vector k propagates normally to 
the front side of the MA (Fig. 1 (a)). The boundary conditions are set so that the unit cells are 
 
 
Realization of broadband and independent polarization metamaterial perfect absorber … 
 
483 
periodic in the E–H plane. The environment in the simulations is defined as free space which 
corresponds with the experimental method. In the conventional absorber model, the back layer is 
the EM-wave-prevented plane. The absorption A(ω) is calculated through A(ω) = 1 - R(ω) - T(ω) 




, where the reflection R(ω) = |S11|
2
, and the transmission T (ω) = |S21|
2
.  
The fabricated samples were made in a cleanroom by using the photolithography technique. 
The printed-circuit-board slabs were employed, whose parameters were coincident with the 
simulated optimizations. Fabricated prototype and measurement setup of the proposed structure 
are indicated in Figs. 1(b) and 1(c), respectively. The samples were measured in free space, 
using a Hewlett-Packard E8362B network analyzer connected to microwave standard-gain horn 
antennas. The operating range of EM wave was tested from 12 to 18 GHz. 
 
Figure 1. (a) Unit cells for a single peak of absorption, (b) fabricated sample, and (c) measurement set              
up for all the proposed structures (uniform and non-uniform ring-shaped).  
3. RESUTLS AND DISCUSSION 
3.1. Absorption behavior at GHz frequency 
3.1. 1. Perfect metamaterial absorber based on ring structure 
Currently, there is a number of perfect absorption structures that have been used, but there 
are some existing restrictions due to their complex structure and the difficult fabrication, 
especially in the optical region [25, 32] or polarization dependence [21]. To overcome the above 
disadvantages, we designed a simple structure with high symmetry, the so-called ring structure. 
In general, a unity absorption can be possibly achieved at certain frequency by canceling both 
reflection and transmission to be zero. The minimum reflection can be obtained by matching the 
impedance of the sample to the air at resonance frequency. However, the transmission is zero, 
since the copper film acts as a physical barrier to block the incident waves. Figure 2(a) shows 
simulated results of reflectance, transmittance and absorbance of PA using ring structure with 
two absorber peaks. The first absorbance peak is observed at f1 = 4.67 GHz with absorption of 
90 %, no transmission and reflection of 0.1 %. Especially, the second one is excited at f3 = 13.8 
GHz with absorption of 100 %, no transmission and no reflection. Besides, the influence of 
electromagnetic polarization on the absorption is examined in Fig. 2(b). It is shown that the 
polarization of the normal incident wave does not affect the absorption spectrum. The 
absorptions and peak position at 4.67 GHz and 13.8 GHz are unchanged since the polarization 
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. The result can be explained due to the symmetry of the 
absorber in the E-H plane and it is an outstanding advantage of this structure. 
 
Figure 2. (a) Simulated results of reflectance, transmittance and absorbance. (b) Absorption spectra 
according to the polarization angle of the incident wave. (c) Simulated and experimental absorption 
spectrum at f3 = 13.8 GHz. 
Interestingly, at the same unit-cell size, the frequency f3 has higher magnitude and lies at 
position of three times longer than that of  f1. So, the use of f3 to create absolute absorption will 
make the fabrication of MPAs to be easier, especially at high-frequency. Because of this 
advantage, we only focus on the third-resonant magnetic frequency. Figure 2(c) shows the 
simulation and experiment spectrum of ring-structure at f3 = 13.8 GHz. Clearly, the simulation 
and experiment results are quite agreement. The small discrepancies can be caused by the errors 
in fabrication and it may be due to the effect of the noise during the measurement process.  
For further understanding these two absorption peaks, the surface-current distributions of 
the ring-shaped structure are simulated at f1 = 4.67 GHz and f3 = 13.8 GHz, as shown in Fig. 3. 
Figure 3(a) shows that there are only the anti-parallel currents on surfaces of ring and metal film 
which appear in the front layer of copper and the back of the sample. The currents flow in 
opposite directions to creating an induction magnetic field in the opposite direction with an 
external magnetic field. The interaction of the magnetic field induction and the external 
magnetic field caused fundamental magnetic resonance at 4.67 GHz frequency. This is first-
order magnetic resonance [33, 34]. However, from the current distribution at 13.8 GHz, the 
magnetic response is not as simple as in the fundamental mode at 4.67 GHz. The surface current 
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in Fig. 3 (b) at 13.8 GHz shows that the induced magnetic moments concentrated mainly in the 
centers of three circular currents but in different directions since the central circular current is 
opposite to the others. It means that the resonance appears at f3 is the third-order magnetic 
resonance [33, 34]. Further simulations (not shown here) also confirm the existence of higher 
odd modes (such as fifth, seventh, etc. order magnetic resonance). The even magnetic modes 
might not exist since the antiparallel induced magnetic fields cancel each other. 
 
Figure 3. The induced surface current distribution of single ring structure 
at: (a) f1 = 4.7 GHz and (b) f3 = 13.7 GHz. 
With the ring-structure base on the third-order magnetic resonance, the above research 
results show that a perfect absorption has been achieved with the advantages of significant size 
for fabrication. However, due to resonant properties the absorption bandwidth is too narrow to 
be satisfy for more practical applications. Therefore, the next PA structure with high/broad band 
absorption is essential. The first method utilizes multiple resonating structures in each unit cell, 
exploiting the resonators with different sizes resonating at different frequencies. By combining 
them in one-unit cell, multiple resonances will appear in the absorption spectrum. If these 
absorption resonances are close enough in frequency, they will form a broadband absorption. 
Another method is stacking multiple layers in which resonators share the same ground plane, but 
the fabrication is not really easy [35]. Another method utilizes the different sections of a single 
structure that resonate at different frequencies to obtain multiple resonances [36]. However, the 
existing obstacle is the polarization sensitivity. Recently, another approach to realize broadband 
absorption, that is incorporating lumped elements into the MM resonators, seems to have been a 
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promising way for microwave frequencies [27]. Although adding lumped elements is an 
interesting idea, the feasibility in high frequency ranges such as near IR or optical region is still 
a problem due to the small size of MM resonator [37]. In this study, we propose, simulate and 
experiment an absorber MMs operating at a wide frequency band at the third-order resonance 
frequency by the first way utilizes multiple ring structures in each unit cell.  
3.1.2. Perfect metamaterial absorber based on four - rings structure 
First of all, in order to create a broadband absorber, we arranged four rings with different 
sizes at the front side of one-unit cell, the back one that is still metallic plane, as shown in Fig. 
4(a). The unit cell of PA1-structure with the structural parameters: a = 18 mm, tm = 0.036 mm,             
R = 7.8 mm, R01 = 1.3 mm, R1 = 7.4 mm, R11 = 2 mm, R2 = 7.0 mm, R22 = 2.8 mm, R3 = 6.6 mm, 
R33 = 2.5 mm, and td = 1.6 mm.  
 
 Figure 4. Four-ring structure designated as PA1 with (a) super cell, (b) Simulated absorption spectrum. 
Surface current distribution at (c) f1  = 10.79 GHz,  (d) f2  = 11.105 GHz, (e) f3  = 11.574 GHz, and                       
(f) f4  = 12.03 GHz. (g) The absorption spectrum of the four-rings structure at third-order resonance               
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when the dielectric thickness changes. (h) Fabricated sample and (k) comparison between simulated                
and experimental absorption spectrum. 
The Fig. 4(b) is presenting the simulated absorption spectrum of PA1 based on the super 
cell with four-rings. The result shows that peaks at f1 = 10.79 GHz, f2 = 11.105 GHz, f3 = 11.574 
GHz, f4 = 12.03 GHz are individually excited by different rings. The induced magnetic field 
distributions at these frequencies are shown in Fig. 4(c) to better understand the physics of the 
proposed multi-band absorption of the PA1. It is obvious that, at a certain frequency, the 
magnetic field is localized and enhanced at some ring in the unit cell. At higher frequency, the 
magnetic field is localized at the ring with less radius and vice versa. This obtained results can 
be theoretically explained by using the LC circuit model and in full agreement with the results of 
the research in Ref. [38]. Besides, the magnetic field distributions in Fig. 4(c) also proves that 
the resonances appeared at all frequency are the third-order magnetic resonance. Like a ring - 
structure above, the induced magnetic moments also concentrated mainly in the centers of three 
circular currents but in different directions. This is the difference in this study compared to 
previous studies creating multi or broadband absorption [13, 20, 25, 27 - 30], which are derived 
from fundamental magnetic resonance. 
Besides, we also studied the effect of dielectric thickness on the absorption. The results are 
shown in Fig. 4(g). Considering our current fabrication condition, we just studied the changing 
of dielectric thickness layer from 0.8 mm to 1.6 mm. It indicates that the absorption has strongly 
affected by the thickness of the dielectric layer. When the dielectric film thickness is increasing, 
the absorbance increases and the highest absorbance is obtained when td = 1.6 mm. 
In order to obtain the broadband absorption, one of the most important issues is to shift the 
absorption frequencies close together. As shown in the Fig. 4 (b) and 4(g), the absorption 
frequency depends strongly on the radius of the ring and the highest absorbance is obtained 
when td = 1.6 mm. So, we have changed the value of the size of rings and fix td =1.6 mm to 
create the broadband MA. Finally, we obtained the broadband MAs with the structural 
parameters as: a = 18 mm, tm = 0.036 mm, R = 7.6 mm, R01 = 1.3 mm, R1 = 7.4 mm, R11 = 2 mm, 
R2 = 7.2 mm, R22 = 2.8 mm, R3 = 6.9 mm, R33 = 2.5 mm, td = 1.6 mm. Fabricated sample and the 
simulated and experimental absorption spectra of the optimized broadband MA based on four-
rings structure shows in Fig. 4 (h) and (k), respectively. The result shows that an absorption over 
85 % is achieved within a bandwidth of 1.3 GHz. The highest absorber in this range is 99 % at 
14.32 GHz. The simulation and experiment results are good agreement, bandwidth absorber in 
experiment is broader than in simulation. Insignificant difference between simulation and 
experiment comes from a bit error in both fabrication and measurement. 
3.1. 3. Perfect metamaterial absorber based on nine - rings structure 
In order to widen the absorption bandwidth, we continue to optimize the super cell with 
nine-rings. As presented in Fig. 5(a), the structural parameters are elevated as follows: R = 7.8 
mm, R1 = 7.4 mm, R2 = 7.0 mm, R3 = 6.6 mm, R4 = 7.8 mm, R5 = 3.5 mm, R6 = 6.7 mm, R8 = 5.3 
mm, R01 = R11 = R66 = 2 mm, R22 = 2.8 mm, R33 = 2.5 mm, R44 = 1.3 mm, R55 = 1 mm, R77 = 2.5 
mm, R88 = 3 mm, a = 26 mm, td = 1.6 mm, and tm = 0.036 mm. Fabricated sample and their 
simulated and experimental absorption spectra is shown in Fig. 5(b) and 5(c), respectively. The 
results show that we obtain the bandwidth absorber to 2.17 GHz with the average absorption of 
85%. It is much broader comparing with the unit cell consisting of four-rings. The simulation 
and experiment results quite coincide with each other. The small discrepancies can be caused by 
the errors in manufacturing and also the noise in the measurement process. 
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Figure 5. Nine- rings structure is demonstrated by (a) the unit cell, (b) fabricated sample and                              
(c) the experimental and simulated absorption spectrum of nine-rings structure. 
3.2. Absorption behavior at THz frequency 
In addition to the potential applications in the microwave regime, broadband MAs at 
terahertz frequencies are attractive [39, 28], but at the same time challenging to construct. 
Therefore, MMs can replace the natural materials in the applications where the natural materials 
have not satisfied. A general approach to obtain the optical counterpart of the microwave PA is 
to scale down all geometrical parameters of the microwave designs. However, at high 
frequencies, the small unit cell becomes to be quite difficult for fabrication technologies. The 
third-order research shows that the unit-cell size increases significantly (about three times) 
compared to that at the first-order resonance. It can be further useful for the practical 
manufactures. From this motivation, a THz-MA is developed in this part. 
From the initial single ring-shaped structure, we optimized the third-resonance of this 
structure in the THz frequency range. The parameters were designed as a = 75 µm, td  = 2 µm,               
ts = 0.18 µm, R1 = 30 µm, and R2 = 10 µm. The metal of structure was selected to be silver (Ag) 
with an electric conductivity of 6.3012 × 10
7
 S/m. For simplicity, no substrate has been 
considered in the simulations. The dielectric constant of the dielectric spacer is unchanged. The 
absorption result and surface current distribution are presented in Fig. 6, where the third-order 
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absorption also excited at 3.5 THz. This resonance is also due to the magnetic resonance [see the 
anti-parallel surface currents at absorption peak, as simulated in Fig. 6 (b)]. 
 
Figure 6. (a) Simulated absorption spectrum based on third-resonance of the single ring-shaped              
structure at THz frequency absorption spectrum. (b) Distribution of surface current at 3.5 THz. 
We also investigated the broadband MPAs based on four-rings and nine-rings structure. In 
these simulations, all the sizes mentioned in 3.1.2 and 3.1.3 are shrank down simultaneously by 
a factor of 0.001. For simplicity, no substrate has been considered in the simulations. The 
dielectric constant of the dielectric spacer is unchanged. The absorption spectra are presented in 
Fig. 7(a) and 7(b). Clearly that the absorber width of four-rings and nine-rings are corresponding 
to 1.31 THz and 2.19 THz with absorbing over 80 %. These results would be useful for further 
experimental realizations of broadband absorber MMs and their applications at the THz 
frequency. 
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4. CONCLUSION 
In the microwave region, we studied numerically and experimentally the electromagnetic 
properties of perfect MAs using ring-shaped structures. It is shown that by inducing a magnetic 
resonance, the proposed structure confines electromagnetic energy at the first- and third-order 
resonances. This energy mainly dissipates in the dielectric spacer, causing a near-unity 
absorption. By using the super cell with four rings or nine rings, we designed and fabricated the 
broadband MMs absorbers. It was found that the bandwidth (with absorption over 90%) is 1.3 
GHz and 2.17 GHz when the unit cell is four- and nine-rings, respectively. The influence of 
geometry parameters was also investigated. The results show that the absorption frequency and 
the intensity was strongly dependent on the structure parameters such as radius of rings, the 
dielectric thickness. The experiment results of one-ring, four-rings and nine-rings shaped 
structure are in good agreement with the simulation ones. Finally, by scaling down the unit-cell 
size, the THz-MAs and broadband MMs absorber are realized in the THz frequency based on the 
third-order resonance. Our results are foundation for the development of the new generation of 
nanotechnology-enabled solutions operating across the entire electromagnetic spectrum such as 
broad-bandwidth, polarization control devices, data processing, sensors, optical devices and 
energy conversion devices. 
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